Developmental coordination disorder (DCD), a neurodevelopmental disability in which a child's motor coordination difficulties significantly interfere with activities of daily life or academic achievement, together with additional symptoms of diseases with childhood sensorimotor impairments, increases the risk of many cognitive problems. This exhibits the dynamic interplay between sensorimotor and cognition systems. However, the brain structures and pathways involved have remained unknown over the past decades. Here, we review developments in recent years that elucidate the neural mechanisms involved in the sensorimotor-cognitive difficulties. First, we briefly address the clinical and epidemiological discoveries in DCD as well as its comorbidities. Subsequently, we group the growing evidence including our findings that support the notion that sensorimotor manipulation indeed affects the cognition development at systematic, circuitry, cellular, and molecular levels. This corresponds to changes in diverse brain regions, synaptic plasticity, and neurotransmitter and receptor activity during development under these effects. Finally, we address the treatment potentials of task-oriented sensorimotor enhancement, as a new therapeutic strategy for cognitive rehabilitation, based on our current understanding of the neurobiology of cognitive-sensorimotor interaction.
D
evelopmental coordination disorder (DCD) is characterized as a neurodevelopmental disability in which a child's motor coordination difficulties significantly interfere with activities of daily life or academic achievement (1) . Historically, it has been variably termed as follows: clumsy child syndrome, sensory integrative dysfunction, developmental dyspraxia, physical awkwardness, perceptual motor dysfunction, and congenital maladroitness (2) . According to the Diagnostic and Statistical Manual, Fourth Edition, Text Revision, children with depressive performance that require motor coordination and consequently interfere academic achievement or activities of daily living, while do not have a general medical condition (i.e., cerebral palsy, hemiplegia, or muscular dystrophy) and meet the criteria for a pervasive developmental disorder, can be recognized as the DCD children (1) . Presently, depending on the selection criteria used, prevalence estimates for DCD vary from 1.4 to 19.0% of school-aged children across countries (2) . Clinical studies of children with DCD have reported the gender difference in prevalence, where it shows that the gender ratio for boys to girls ranges from 3:1 to as high as 7:1. Even greater prevalence is reported in boys born in unfavorable prenatal environment such as at very low birth weight or too premature, although the potential mechanisms have not been described explicitly. The prevalence, diagnosis, prognosis, and intervention of DCD have been broadly reviewed in other literatures (2) .
In recent studies, the main cause for the symptoms of DCD is believed to be the sensorimotor dysfunction produced by pathology in the central nervous system. These beliefs are backed by both modeling, in which the neurological output of motor control accurately predicts the sensory input, and by clinical data, where motor abnormality in DCD children is frequently associated with sensory disability. These children with DCD typically have difficulties with fine and/or gross motor skills, with poor motor performance that is usually slower, less accurate, and more variable than that of their peers (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In reality, the symptoms of DCD are more than just the lower end of normal variance in motor control as it is described initially (13) , as it also combines with significantly impacted motor learning ability, hence confronting the patients with challenge in acquiring typical childhood skills, such as tying shoes or riding a bicycle (3, 14) .
Furthermore, more recent epidemiological studies report that DCD usually coincides with other developmental disorders-for example, attention-deficit and hyperactivity disorder (ADHD). Up to 50% DCD children have shown the core symptoms of ADHD, such as attention deficiency, hyperactivity, and impulsivity (15) (16) (17) (18) (19) (20) . Learning disabilities, especially dyslexia, and specific language impairment are also frequently found in DCD children (21) , in which ~50% of patients perform abnormally in several assessments of expressive language. Impairment of verbal and visuospatial memory,
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Review both short term and working forms, has been detected in DCD young patients at a high frequency (22) , suggesting a larger extent of deficiency in learning and memory associated with DCD. Population-based studies indicate that cognitive impairments are commonly accompanying conditions in DCD, and children with DCD may usually have at least one such disorder. It is worthy to note that longitudinal studies have shown that the cognitive impairments in those DCD children may persist into adolescence and adulthood, which may even extend beyond their motor difficulties. Given the high degree of overlap among these above-mentioned developmental disorders, the common causes shared between sensorimotor dysfunction and cognitive impairments have garnered the increasing interest of developmental neurobiologists as well as clinical pediatricians over the past decades.
Functional neuroimaging, pharmacologic, neuroanatomic, and animal studies are beginning to elucidate that cognitive development cannot be isolated from purely sensorimotor function and high-level thinking. It is being shown that appropriate behavior depends on the integration of sensory input and action response. Moreover, specific brain structures and neurotransmitters have been proven to be involved in both cognitive and sensorimotor systems. Cognitive performance related to behavior planning and executive functioning develops in early period of life, when motor processes, such as movement control and visuomotor coordination, develop rapidly. In consideration of the dynamic sensorimotor and cognitive interaction, here we summarize the recent development in the systematic, circuitry, cellular, and molecular mechanisms in relation to DCD. Grounded in the current understanding on the mechanisms of cognitive impairments, we discuss the possibility of the sensorimotor-based correction of the cognitive impairments in patients with DCD.
BRAIN REGIONS INVOLVED IN THE COGNITIVE IMPAIRMENTS OF DCD
DCD has long been conceptualized as a form of "minimal brain dysfunction" or "minimal neurological dysfunction, " both terms of which are used to describe a collection of symptoms reflecting learning, attention, and motor coordination deficits (23) . Since DCD as a sensorimotor disorder accompanied by impaired cognition is not just a consequence of one or more neurological disorders or delayed cognitive development, DCD has been proposed as a variant of atypical brain development (24) . The possible involvement of specific brain regions in sensorimotor control and cognition in DCD are discussed below.
Cerebellum
The cerebellum as the core brain region responsible for motor control and motor learning has been firstly speculated to be implicated in DCD. The functional magnetic resonance imaging studies suggest a significant reduction in a broad network of regions including the cerebellum in DCD patients. During the trail-tracing task, after practicing for 3 d, abnormal cerebellum involvement was shown in those with development of DCD (25) .
A potential mechanism linking the cerebellum to motor control and motor learning is complex and controversial. One possible explanation is that children with DCD may have difficulty in making motor skills automatic, a physiological function that involves the normal action of the cerebellum. An alternative explanation based on the internal modeling deficit hypothesis was raised recently, where successful motor control is thought to result from an internal model which accurately predicts the sensory consequences of motor command (26) . Theoretical models of motor learning posit that the cerebellum receives an efferent copy of the motor command and compares the predicted movement with the actual movement; if there is a mismatch, the cerebellum sends an error signal as feedback to create a more accurate movement on subsequent occasions (27) . It is widely believed that cerebellum is indeed involved in the motor symptoms of DCD, regardless of whether through either automatization deficit or internal model deficit.
Furthermore, cerebellum is also regarded to have a bottom-up influence on cognition-related brain regions, which indicates high-level representations built up by elementary sensorimotor memories. Through computational modeling of a functional interplay between the cerebellum and the hippocampal formation during a goal-oriented navigation task, cerebellar involvement was characterized in higher-level aspects of behavioral control positing procedural as well as declarative components of spatial cognition in the hippocampal spatial memory test; rodent cerebellar deficits significantly impacted the exploration-exploitation balance during spatial navigation by influencing the accuracy of hippocampal spatial codes (28) . Thus, we may speculate on the existence of a functional cerebellum-hippocampus circuit for cognition regulation. Meanwhile, it has been shown that aberrant activation of cerebellum is frequently observed in the patients with attention deficit which is characterized as prefrontal cortex (PFC) dysregulation, indicating a potential neuronal linkage between cerebellum and other attention-related brain networks. Hence, it could be reasoned that the disrupted cerebellar modulation might account at least in part for the mechanisms of cognitive impairments in young DCD patients.
Prefrontal Cortex
As a high frequency of coincidence is found between DCD and ADHD, it is speculated that DCD may share etiology with ADHD through some brain structures and pathways, on which increased attention was attracted to focus. One possible common neurological substrate proposed for the cooccurrence of DCD and ADHD is the PFC, with up to 50% of children with DCD showing attention deficit that are consistent with ADHD. The PFC is recently regarded as motor-related brain region especially responsible for motor learning. The functional magnetic resonance imaging studies have shown that when performing a fine motor practice task, children with DCD had greater brain activation than controls in the frontal brain areas, consistent with the clinical observations that more efforts were required by DCD children when engaging in motor-based activities (29) . Following continuance of the Review Deng et al.
practice for 3 d, when the children were subjected to retest, a significant reduction was noted in DCD children in right dorsolateral PFC, further strengthening the association between the poor performance of motor learning and disrupted prefrontal regulation in DCD. Moreover, the lower activation in the dorsolateral PFC in DCD was found when compared with control children during a "go/no-go" task (30) .
The PFC is located in the anterior part of the frontal lobes of the brain, divided into dorsal and ventral subregions, just in front of the motor and premotor cortex. In addition to the functional role of motor learning, PFC is well believed to be critical for the cognitive-executive function, which is considered to be orchestration of thoughts and actions in accordance with internal goals (31, 32) . In humans, executive functions, such as planning and organization, behavioral control and adaptation, and decision making, greatly rely on an intact PFC (33) . Thus, the dysfunction found in PFC of DCD children might account for either cognitive impairments or sensorimotor dysfunction. In addition, PFC is highly interconnected with much of the brain regions including other cortical, subcortical, and brain stem sites, pushing information processing among prefrontal thalamus, prefrontal hippocampus, prefrontal striatum, and prefrontal cerebellum (34) . Specifically, the dorsal part of PFC is highly interconnected with other brain regions of attention networks (35) , indicating the dysfunction of PFC and other brain regions at neuronal circuit level likely responsible for attention deficit occurred in DCD. And the ventral part of PFC extensively interconnects with brain regions involved with emotion (36), probably accounting for the emotional symptoms frequently found in DCD children (37) (38) (39) (40) (41) . Similarly, learning disabilities and language disorders that are usually cooccurred with DCD may also be due to the involvement of PFC and related circuits.
Striatum
Striatum, also known as the neostriatum or striate nucleus, is a subcortical part of the forebrain. By functional magnetic resonance imaging, the researchers found that DCD children with motor difficulties displayed reduced path coefficients between striatum and parietal cortex in "go/no-go" task (30), indicating striatum involvement in DCD. Functionally, the striatum is the major input station of the basal ganglia system. It, in turn, gets input from the cerebral cortex (42) . Striatum is best known for its role in the planning and modulation of movement pathways but is also potentially involved in a wide variety of cognitive processes including executive function, such as working memory, cognitive flexibility, and habit formation (43) .
Here, we propose a possible involvement of the striatum in contributing to both sensorimotor abnormality and cognitive impairments in DCD for following reasons. First, the structural and functional integrity of striatum is essential for motor learning in subjects, a major defect occurred in DCD children, which promote us to make a speculation that affected striatum may partly underlie the mechanism of motor difficulties in DCD. Second, alterations in striatum are thought to contribute to impulsive behavior and hyperactivity through the inhibitive regulation. Thus, it is not difficult to understand that hyperactivity and impulsivity are frequently detected in DCD children with a comorbidity of ADHD (15, 44) , all of which are related to hypofunction of striatum (30) . Third, striatum deficiency early in development is thought to cause the nearly universal occurrence of compulsive behaviors in individuals. It is interestingly reported that DCD children have been shown to be at higher risk for obesity (45, 46) , recently as a likely consequence of compulsive binge eating, which is related to disrupted striatal dopamine homeostasis. Collectively, with the increased awareness of striatal dual-directed action-cognition regulation, striatum is beginning to elucidate the mechanisms mediating both sensorimotor and cognition defects in DCD children.
Besides, evidence from animal studies may provide cues for the clinicians for discovering those once unidentified or unrecognized behavioral phenotypes in DCD children. For example, the ability to learn the temporal order of behavioral elements is central to the production of adaptive behavior including motor learning. Using a two-action sequence task without instructive cues in mice, Yin (47) found that excitotoxic lesions of the sensorimotor (dorsolateral) striatum dramatically impaired the acquisition of a simple sequence, implying the sensorimotor striatum necessary for serial-order learning. As DCD is featured as a sensorimotor disorder possibly due to striatum involvement, it could be speculated that a likely deficit in serial-order learning might be found in DCD children. However, whether this speculated symptom occurs in DCD and what mechanisms the striatum involves require further investigations.
In summary, accumulated studies indicate that multiple diffuse, rather than specific, brain areas may be involved in DCD children, which consequently bring them about a wide range of cognitive impairments (e.g., attention-deficit and/or language disorder) except sensorimotor difficulties. Further research into the affected brain areas at the neuronal circuit level, especially in conjunction with the relative symptoms, will help to better understand the etiology of DCD and refine intervention of the related sensorimotor-congnitive impairments.
AFFECTED SYNAPTIC TRANSMISSION IMPLICATED IN DCD

Synaptic Plasticity and Neural Circuit Formation
Recently, more and more animal studies on motor and cognitive activity at the synaptic level shed light on the mechanisms of sensorimotor impairment and cognition abnormality in DCD children. Changes in synaptic connections are long considered essential for learning and memory formation (48) (49) (50) (51) (52) (53) . Earlier studies showed that novel motor-skill learning increased the efficacy of synapses in the primary motor cortex (54) (55) (56) . However, how motor learning affects neuronal circuitry at the level of individual synapses and how long-lasting memory is structurally encoded in the intact brain remain unknown. Xu et al. (57) reported that rapid, but long-lasting, synaptic reorganization was closely associated with motor learning, and stabilized neuronal connections were the foundation of durable motor memory. These results were confirmed
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As shown before, it is an increasingly accepted idea that sensorimotor activity modulates cognitive development. However, there was less experimental evidence supporting this idea at the synapse level. Animal experiments have shown that forced or voluntary physical activity such as wheel running promotes dentate gyrus neurogenesis in rodents, facilitates induction of long-term potentiation (LTP) underlying synaptic plasticity, and therefore enhances learning and memory performance (59, 60) . To answer the question whether specific fine motor training can also augment synaptic plasticity and promote cognitive development, Zhang et al. (61) in our group performed the rodent forepaw sensorimotor deprivation in early development and consequently found impaired synaptic plasticity in hippocampal medial perforant-dentate gyrus pathway as well as disrupted spatial memory. On the other hand, sensorimotor training also leads to increased LTP as well as enhanced memory, just like abnormal sensorimotor deprivation causes depressive LTP and impaired memory. Recently, the work of Zhuang suggests that aberrant plasticity also contribute to abnormal motor control. He has demonstrated in his work that the aberrant plasticity at corticostriatal synapses caused by dopamine deficiency can result in disrupted motor learning, which specifically affect the learned motor skill rather than newly acquired motor skill. This finding may shed light on the potential mechanism underlying sever motor difficulties occurred in some diseases including DCD and Parkinson's disease (62) . Taken together, the dysregulation of synaptic plasticity may account for both disrupted motor control and impaired cognition, indicating possible altered synapses function involved in DCD patients, which need further investigation.
NEUROTRANSMITTER/RECEPTOR AND MOLECULAR MECHANISMS
The well-established transmitter and receptor mechanism in other neurological diseases and related animal models may shed light on the studies about mechanism and intervention on young DCD patients. The prominent defects of motor learning in DCD argue the intact transmitter and receptors in the related brain regions, such as the major excitatory transmitter receptor-N-methyl-D-aspartate receptor (NMDAR) in the striatum. Corresponding to this speculation, a striatumspecific NMDAR1 subunit-knockout mice was generated and found that the abolishment of NMDAR activity in the striatum resulted in minor changes in striatal neuronal morphology, but dramatic disruption in dorsal striatal LTP and ventral striatal long-term depression, as well as severe impairment in motor learning (63) . These findings from animal studies indicate that the similar disturbed striatal NMDAR might attribute to abnormality of motor learning in some human diseases, such as DCD in children and Parkinson's disease in the elderly. Furthermore, some molecular pathway, for example, the abnormal hippocampal cyclic adenosine monophosphate (cAMP) response element-binding signaling, may also associate to altered sensorimotor input and disturbed spatial memory. In our studies, we found that memory impairments displayed in early sensorimotor-deprived rats were associated with suppressed hippocampal neurogenesis and decreased cAMP response element-binding signaling, suggesting neurogenesis involvement in the sensorimotor-cognition interaction (64) .
Some neurotransmitters and receptors for inhibition are also critical for sensorimotor-cognition interaction. When the major inhibitory γ-aminobutyric acid A (GABA) receptor that mediated synaptic inhibition was selectively removed from Purkinje cells, the consolidation of vestibulocerebellar motor learning could not be conducted successfully (65) . Moreover, even removal of GABAA receptor γ2 subunits from parvalbumin neurons expressing fast spiking caused wideranging behavioral alterations, such as severe impairments of motor skills and spatial learning (66) . These results indicate that GABAergic inhibition in interneuron is indispensable for sensorimotor-cognition interaction, again suggesting that the abnormality of the above mechanisms probably confers clinical syndromes in DCD children.
Although clinical evidences suggest a genetic linkage between DCD and ADHD children (67, 68) , the molecular mechanisms of DCD are still unclear. As the children with DCD often meet the criteria for ADHD, the molecular mechanisms in the latter partially involves the pathogenesis of DCD. ADHD may in part result from deficits in the dopaminergic system in cortical brain structures such as the PFC (69) and subcortical areas such as the nucleus accumbens and the striatum (70) . Dopamine is particularly effective in modulating the activities of hyperexcitable young neurons (71) , and neurogenesis is related with skilled forelimb training (72) . Besides, dopaminergic D1/D5 receptor-mediated processes are important for certain forms of memory and its cellular model, i.e., hippocampal LTP in CA1. The synergistic role of D1/D5 as well as NMDA receptor function is required for the induction of the protein synthesis-dependent maintenance of CA1-LTP (late LTP) by activating the cAMP/PKA pathway (73) . Therefore, the involvement of dopamine transporter and dopamine receptors, DRD4 and DRD5, in ADHD should be preferentially investigated in DCD children in the future. Except dopamine, other molecular candidates which are probably associated with dopamine function, such as G protein-coupled receptor kinase-interacting protein-1 (74) and membrane receptor guanylyl cyclase-C (75), both implicated in ADHD, are encouraged to examine in DCD children in the future. Collectively, synaptic transmission and plasticity implicated in motor learning and other cognitive components probably interplay between sensorimotor and cognition in normal and DCD children, which needs to be proven in future.
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and task-specific (14, 78) . A lot of the literature about interventions for DCD recently confirmed that interventions have been shown to produce benefits for the motor performance of DCD children. Moreover, approaches from a task-oriented perspective yield stronger effects (79) . Currently, many studies about intervention focus more on the effectiveness evaluation of motor domain but less on that of cognition domain.
Given the extensive effect of sensorimotor regulation on cognition in normal and abnormal subjects even with DCD, the approaches for sensorimotor enhancement may also facilitate impaired cognition. In rats, task-specific motor enrichment procedures improved functional and neural outcomes following unilateral infusions of 6-hydroxydopamine into the nigrostriatal pathway (80) . In addition, in focal cortical infarct animal model, skilled forelimb training effectively stimulated dentate neurogenesis in both infarcted and healthy brain and therefore enhanced spatial learning (72) . In our previous study, we found that when the fine motor of young rats was deprived, hippocampal pyramidal cell numbers decreased, NMDAR1 expression altered, and subsequent learning and memory impaired (81) . These might be the cellular mechanism for high efficacy of task-specific intervention on cognition. Altogether, it is likely that taskspecific intervention could also be useful for impaired cognition in DCD children. Moreover, further investigation on the cognitive effectiveness of current approaches need to be conducted on DCD children.
SUMMARY AND PERSPECTIVES
DCD is featured as a sensorimotor disability, accompanied by cognition abnormality. In this review, we discussed the possible systematic, circuit-level, synaptic, and transmitter/receptor mechanisms underlying the interactive sensorimotorcognition phenotypes. Based on the understanding of such mechanisms, a therapeutic strategy of cognition enhancement through sensorimotor manipulation was proposed, which will provide cues for the intervention and understanding of DCD in the future. Many human and animal studies remain to be performed regarding the structure and function of synaptic connection changes, including the levels of neurotransmitter, structure and function of receptors, and synapse plasticity. In addition, the molecular mechanism of DCD still needs to be confirmed. As of now, children with DCD, with appropriate training, are able to learn complex motor skills (82) but are not able to master them. The best intervention, based on neurological evidence, addressing both motor and cognition symptoms of DCD needs to be developed. 
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